Yeast have long been known to possess a cell wall integrity (CWI) system, and recently an 13 analogous system has been described for the primary walls of plants (PCWI) that leads to 14 changes in plant growth and cell wall composition. A similar system has been proposed to exist 15 for secondary cell walls (SCWI). However, there is little data to support this. Here, we analysed 16 the stem transcriptome of a set of cell wall biosynthetic mutants in order to investigate whether 17 cell wall damage, in this case caused by aberrant xylan synthesis, activates a signalling cascade 18 or changes in cell wall synthesis gene expression. Our data revealed remarkably few changes to 19 the transcriptome. We hypothesise that this is because cells undergoing secondary cell wall 20 thickening have entered a committed programme leading to cell death, and therefore a SCWI 21 system would have limited impact. The absence of transcriptomic responses to secondary cell 22 wall alterations may facilitate engineering of the secondary cell wall of plants. 23
1
Introduction 24
Cell walls are polysaccharide rich matrices which surround the cells of plants, fungi and bacteria. 25 What makes plant cell walls exceptional is their importance to human society. We rely on plant 26 cell walls for dietary fibre, animal feed, building materials, paper, and fuel, amongst other uses. Unexpectedly, the engineered plants often grow normally, despite substantial biochemical and 33 structural alterations, suggesting a tolerance for change. 34
Plant cell walls exist as two major types: primary and secondary. The primary wall is a thin layer 35 that forms from the cell plate after mitosis. Since it surrounds growing cells, it must be flexible, 36 enabling cell expansion either isotropically or anisotropically. Secondary cell walls are much 37 thicker, can be lignified, and are laid down on the inside of the primary cell wall in some cell 38 types, at the cessation of growth. The exact composition of these walls varies depending on cell 39 function, tissue type and plant species. Arabidopsis has a primary cell wall composed of 40 cellulose, xyloglucan and pectins, whereas its secondary cell wall is dominated by cellulose and 41 xylan, with small amounts of pectin and mannan. Some secondary cell walls, such as those of the 42 xylem water transport vessels, are extensively lignified after the deposition of the 43 polysaccharides. 44
Due to the importance of the cell wall to an organism, it is perhaps unsurprising that cells might 45 possess a system which detects and repairs damage whilst allowing the dynamic changes 46 required of a growing cell. In yeast, this cell wall integrity system (CWI) has been well 47 characterised. The yeast plasma membrane contains cell surface sensors which have a highly 48 mannosylated serine threonine rich (STR) extracellular domain (Philip and Levin, 2001) . These 49 sensors are also thought to be anchored in the cell wall, with the STR acting as a nano-spring to 50 detect stresses and strains between the wall and membrane (Kock et al., 2015) . The signal 51 transduction pathway is a mitogen-activated protein kinase (MAPK) cascade acting via the 52 master regulator Rho1p, a small G protein (Levin, 2011) . The various outputs include changes in 53 polysaccharide biosynthesis and actin reorganisation. 54
The discovery of a cell wall integrity system in plant primary cell walls (PCWI) is much more 55 recent, although it has been recognised for some time that perturbations to the primary cell wall 56
can lead to compensatory effects. The activation of the PCWI system is linked to the process of 57 control of growth and adaptation of cell wall architecture and composition to varying 58 environments (Voxeur and Hofte 2016) . Disruption of primary cell wall cellulose synthase 59 activity is an activator of the PCWI. For example, the ectopic lignification (eli1) mutation of 60 CESA3 or application of the herbicide isoxaben, which targets cellulose biosynthesis, leads to 61 ectopic lignification (Cano-Delgado et al., 2003) . prc1-1, a mutation in CESA6 also shows 62 ectopic lignification and callose accumulation (Desprez et al., 2002; Hematy et al., 2007) . Virus 63
Induced Gene Silencing (VIGS) of a primary wall CESA in tobacco results in a compensatory 64 increase in homogalacturonan (Burton et al., 2000) . 65
Receptor like kinases (RLKs) have emerged as the likely mechanism by which signals are 66 transduced into the plant cell. function mutations in these genes lead to a reduced xylan chain length, although the severity is 138 dependent on which gene is affected ( Figure 1 ). In the absence of these genes, a reduced quantity 139 of defective xylan is made by homologues IRX9L, IRX10L and IRX14L respectively (Brown et  140 suggest that it provides a good system for in which to test whether Arabidopsis cells which are 146 actively synthesising secondary cell wall, can detect and respond to defects in xylan 147 biosynthesis. 148
In this study, we used a transcriptomics approach to investigate whether we could detect putative 149 components of a SCWI system in Arabidopsis stems. We looked at gene expression in a 150 collection of xylan biosynthetic mutants. The aim of this experiment was threefold. Firstly, we 151
wanted to test whether there is a co-ordinated expression response to xylan defects within the 152 xylan biosynthetic pathway. Secondly, we wanted to identify more general responses to 153 secondary cell wall defects, such as the upregulation of other biosynthetic pathways or 154 transcription factors. Thirdly, we wanted to look for the upregulation of putative SCWI integrity 155 sensors, such as RLKs. 156 2 Methods 157
Genotypes and growth conditions 158
The following previously published Arabidopsis thaliana T-DNA insertion lines were used: 159 SALK_063763 (gux1, At3g18660), GABI-722F09 (gux2, At4g33330), SALK_057033 (irx9, At2g37090), SALK_046368 (irx10, At1g27440), SALK_038212 (irx14, At4g36890) and 161
gux1gux2. All mutants were in the Columbia-0 (Col-0) ecotype. Seeds were stratified (4°C, 72 162 hours) prior to being grown on soil (Levington M3 compost) in a growth chamber (22°C, 60 %  163 humidity, continuous light). Several plants were initially grown in each pot but these were 164 gradually thinned until only 2 plants remained to ensure all plants were of a similar 165 developmental stage. All lines were genotyped by PCR prior to inclusion in this study, using the 166 relevant published oligonucleotide primers. to reduce the effects of circadian differences on the data set. Three independently grown 174 biological replicates were collected in this manner. 175
RNA extraction and microarrays 176
To extract RNA, tissue was ground under liquid N2 and mixed well with Trizol (1 mL per 100 177 mg of tissue; Invitrogen). Following incubation at room temperature for 2 minutes, chloroform 178 (200 μL) was added and samples were gently mixed for 15 seconds. After centrifugation (12,000 179
x g, 4°C, 15 minutes), the aqueous upper phase was obtained to which 250 μL high salt solution 180
(0.8 M sodium citrate, 1.2 M sodium chloride) and 250 μL isopropanol were added. After mixing 181
and centrifuging the samples, the pellet was isolated and washed with 75% (v/v) and then 100% 182
(v/v) ethanol. After resuspension, samples were incubated at 37°C for 30 minutes with DNase 183 (Promega). Further sample processing was done using the RNeasy kit (Qiagen), according to the 184 manufacturers "RNA Cleanup" protocol. RNA concentration and quality was measured using a 185
BioPhotometer plus (Eppendorf) as well as by agarose gel electrophoresis. Samples were then 186 sent to the Nottingham Arabidopsis Stock Centre (NASC; http://affymetrix.arabidopsis.info/) for 187 analysis. Quality control was first performed using an Agilent Bioanalyzer to check the integrity 188 of the RNA. Following preparation of cDNA, the samples were hybridized to the Arabidopsis 189 ATH1 Genome Array (Affymetrix (Provart and Zhu, 2003) . Data is presented as log2(abundance in 202 mutant/abundance in WT), as described in (Vanholme et al., 2012) . 203
Results and Discussion 204

Xylan mutants used in this study 205
The following Arabidopsis xylan mutants: irx9, irx10, irx14, gux1, gux2 and gux1gux2, along 206
with WT ecotype Col-0 plants (Table 1) were grown alongside each other until they developed 207 their first silique. At this point, basal stems were harvested, and the RNA extracted for 208 microarray analysis. Genotype verification was also performed, and all lines were shown by PCR 209
to be homozygous for the expected T-DNA insertion (Supplemental Figure S1 ). The effect of 210 each of these mutations on xylan structure, along with their phenotype at the developmental 211 stage used in this study, is shown in Figure 1 . 212
The microarray data were normalised (Supplemental Dataset 1) and statistically analysed, as 213 described in the methods, to produce a set of genes which are up-or down-regulated in 214 comparison to WT (Supplemental Dataset 2). The number of genes with a significant change 215 relative to WT was surprisingly small for most of the mutants, and only irx9 had more than a 1.5 216 % change in its transcriptome. The extent of the change essentially followed the severity of the 217 effect of the mutation on the plants gross morphology and development ( Figure 1 ). 218
We confirmed that the tissue selected for analysis was still actively transcribing secondary cell 219 wall synthesis genes. Expression data revealed that in the WT samples, genes associated with 220 secondary cell wall biosynthesis, such as CESA4/IRX5 and IRX9, were all highly expressed 221 (Supplemental Dataset 1). 222
Analysis of xylan-related gene expression 223
The microarray data confirmed that, for irx9, irx14, and gux1 plants, the corresponding mutant 224 gene had the largest decrease relative to WT (Table 1) . However, for irx10 and gux2, whilst 225 transcript levels were reduced, they were still clearly present. This is likely due to the production 226 of non-functional transcripts which can still bind to some of the individual probes in a probeset. 227
For example, irx10 (SALK_046368) has a T-DNA insertion in the middle of the fourth and final 228 exon. Extraction of the raw probe data (Supplemental Dataset 1) reveals only partially reduced 229 intensity for 5' localised probes, but greatly reduced intensity for 3' localised probes . The GUX2  230 open reading frame (ORF) was originally annotated as two different genes, and hence two 231 different probesets can bind to it (here annotated 3' and 5' according to their location within the 232 cDNA). 233
Next, expression of other xylan-synthesis related genes was explored to test whether a xylan 234 synthesis feedback loop could be detected. For example, we hypothesised that if one gene 235 involved in xylan backbone extension had reduced expression e.g. IRX9, resulting in reduced 236 enzyme activity, then a close homologue might show compensatory increased expression e.g. 237
IRX9L. Alternatively, if xylan elongation was affected, this could lead to an associated repression 238 of downstream biosynthetic steps, such as GUX or glucuronoxylan methyl transferase (GXMT) 239 activity, which might be apparent at the transcriptional level. Neither of these outcomes was 240 visible in the data (Table 1 ). In gux1, gux2, gux1gux2 and irx10 essentially no significant 241 differences in transcript levels from each other and from WT were observed (Table 1) . 242 Specifically, close homologues of the mutant genes did not show compensatory increases of 243 expression e.g. IRX10L in irx10 or GUX2 in gux1. Whilst irx9 showed a trend towards slight (but 244 not significant) down regulation of xylan synthetic genes, and irx14 showed a general (but again, 245 not significant) trend for a small increase, we inferred that the plants were likely not exactly 246 developmentally matched. Indeed, the xylan synthesis pathway is co-ordinately regulated with 247 development of the stem (Brown et al., 2005) . Since irx9 and irx14 had the largest gross 248 morphological difference compared to WT ( Figure 1A) , matching the harvest developmental 249 stage was the most challenging for these two genotypes. Overall, these data indicate that loss of 250 xylan synthase activity does not result in altered gene expression of other xylan-related genes. 251
One alternative metabolic strategy to compensate for reduced quantities of enzyme is to boost the 252 substrate pool to increase the rate of activity. Therefore, we analysed expression patterns of 253 genes which have a role in synthesizing the UDP-sugars required for xylan biosynthesis. 254
However, this subset of genes (Supplemental Dataset 3) revealed a very similar pattern to that 255 reported for the xylan genes described above: a general small but significant decrease in irx9, 256
and small but significant increase in irx14. Other mutants were essentially unaffected. 257 It has been previously suggested that the gxmt mutants accumulate SAM (Urbanowicz et al., 272 2012), and therefore we might predict that the gux mutants would also accumulate SAM. In fact, 273 many of the SAM synthetases show reduced expression in irx9 and gux1gux2 implying that this 274 pathway may respond transcriptionally to the reduced requirement for SAM in the Golgi. Since 275 SAM is also the major methyl-donor for key metabolites, such as the hormone ethylene, vitamin 276 B1 and polyamines (Hesse and Hoefgen, 2003) , it is perhaps not surprising that levels are tightly 277 controlled. 278
Pathways which provide substrates for non-sugar decorations of xylan show evidence
In the gux mutants, which lack GlcA, there is an increased amount of mono-acetylation (Chong  279  et In our data, the cytosolic pathway was strongly downregulated, particularly in irx9, implying that 288 acetyl Co-A synthesized from citrate is the major source of substrate for xylan acetylation, and 289 that the size of the pool can be detected and used to regulate the cytosolic pool size. 290
Biosynthetic genes for non-xylan cell wall polysaccharides are unaffected. 291
If xylan is altered in the plant, we may predict that an alternative hemicellulose such as mannan 292
would be upregulated to compensate. Indeed, in gymnosperms mannan is the dominant 293 hemiceullose, implying that xylan and mannan could be functionally interchangeable. Previously 294 published biochemical analyses of these xylan mutants have shown that major changes to the cell 295
wall although it is possible that minor changes were not visible in these analyses. However, in 297 agreement with this, transcriptional data showed no significant changes to genes involved in 298 cellulose, mannan, xyloglucan or pectin synthesis, other than in the pattern recorded above that 299
we have ascribed to developmental issues (decrease in irx9, small increase in irx14) 300 (Supplemental Dataset 3). Taken together, these results suggest that defects in xylan synthesis do 301 not cause major changes to the expression of genes that are involved in polysaccharide 302 biosynthesis. 303
Alternative lignin biosynthetic genes are upregulated in the xylan mutants. 304
Lignin has previously been shown to be deposited in primary cell walls in response to stress, 305
including in cell wall synthesis mutants ( Here, the gene expression analysis in the xylan synthesis mutants (Table 2) showed trends that 316 appear distinct from that seen for other groups of cell-wall related genes (Supplemental Dataset  317 3). In irx9, most of the lignin-related genes were significantly down-regulated (Table 2) , which is 318 supported by data showing that irx9 has an overall decrease in lignin (Petersen et al., 2012) . 319 PAL3, CCoAOMT3, CAD1 and CAD3 are the exceptions to this, and were significantly 320 upregulated. None of these isoforms are the dominant stem isoforms, implying that a different 321 subset of the lignin pathway may be activated. The other xylan mutants showed milder 322 alterations, with a general trend towards down-regulation of lignin-related genes, except for 323
CAD3 in irx10 and CCoAMT2 in irx14, which were upregulated. 324 A potential answer to why lignin deposition seems to be the exception in terms of responsive 325 2CW modifications comes from recent papers which have explored the spatial and temporal 326 nature of lignin deposition in Arabidopsis (Pesquet et al., 2013; Smith et al., 2013) and poplar 327 (Gorzsás et al., 2011) . These papers have provided strong evidence for the "good neighbour 328 hypothesis", in which it has been proposed that neighbouring, non-lignifed cells monolignols to 329 lignifying cells (Hosokawa et al., 2001) , at least in some cell types. This evolving view of 330 lignification was recently reviewed by Voxeur and colleagues who proposed two models of 331 lignification: cell autonomous lignification (CAL) and non-cell autonomous lignification 332 (NCAL). In their view of cell wall lignification, the role of CAL and NCAL will depend of cell 333 maturation and type. For example, fibre cells are predominantly lignified by CAL and supported 334 by NCAL, whereas vessels are initially lignified by CAL prior to PCD but NCAL is then key to 335 completion of the lignification process (Voxeur et al., 2015) . 336
Known secondary cell wall associated transcription factors do not respond to changes 337
in xylan content or structure. 338
Expression changes in secondary-wall related transcription factors (TFs) were also evaluated 339 (Supplemental Dataset 3). The pattern obtained was like that we have shown for multiple other 340 sets of genes i.e. in irx9, most of these TFs had reduced expression compared to WT, whilst in 341 irx14 many were slightly but significantly upregulated. Few changes were seen in the other 342 mutants. Importantly, we did not see the strong upregulation of a TF or network of TFs that 343 might form a SCWI response network (Figure 2) . 344
Receptor Like Kinases (RLKs) transcripts do not show a consistent response to 345
secondary cell wall changes. 346
As described in the introduction, RLKs are the most likely candidates for detection of a loss of 347 cell wall integrity, although due to their number (~600 in Arabidopsis), they have proven to be 348 difficult to study. Data was extracted for all those RLKs on the ATH1 microarray (Supplemental 349
Dataset 3) and searched for RLKs which showed a significant change in expression in at least 350 two of the xylan mutants. However, none of the genes matched these criteria, including those 351 associated with the PCWI pathways (Table 3) . It should be noted that unchanged RLK 352 expression does not exclude the possibility of RLK activation, as is seen for PCWI RLKs, such 353 as THE1. 354
Abiotic and biotic stress associated genes are upregulated. 355
There has been limited research on the wider effect of secondary cell wall modifications on plant 356 physiology. Since changes to xylan structure, when severe enough, have a profound effect on 357 plant growth (as in irx9), a more general analysis was performed on the transcriptomics data. The 358 aim was to identify other signalling and response pathways which respond to gross cell wall 359 defects. For example, the shorter xylan chains in irx9, irx10 and irx14 result, to varying extents, 360
in collapsed xylem vessels. This limits water transport and is likely to induce drought stress, 361
which we predict would be detected by abiotic stress response pathways. It was also recently 362
shown that when plants are exposed to severe abiotic stress, expression of specific secondary cell 363
wall TFs are enhanced. For example, under salt stress, VND7 expression expands to non-stele 364 cells in the root, resulting in an extra strand of metaxylem (Taylor-Teeples et al., 2015). 365
In line with our prediction, gene ontology (GO) analysis of genes upregulated in irx9 revealed an 366 over-representation of genes associated with abiotic and biotic stress responses (Supplemental 367 Figure S2 ). This pattern was repeated, although to a lesser extent, in the other irx mutants, but 368 not in the gux mutants, as might be expected because they do not show collapsed xylem 369 (Supplemental Figure S2) . Further experiments are now required to exclude whether the stunting 370 of irx9 is due to the reduced xylan or poor water transport, or as we consider likely, a response to 371 drought signalling hormones resulting in the suppression of growth. For example, it will be 372 interesting to investigate whether irx9 dwarfing can be suppressed by an ABA-insensitive (ABI) 373 mutant, such as abi1 (Koornneef and van der Veen, 1980). 374
Indeed, some cell wall mutants have been reported as showing enhanced resistance to drought 375 e.g. irx14 (Keppler and Showalter, 2010) and lew2 (a mutation in CESA8 (Chen et al., 2005) ), 376
but also other abiotic stresses such as cold e.g. esk1/tbl29 (a xylan acetyltransferase (Xin and  377 Browse, 1998;Urbanowicz et al., 2014)). Furthermore, contrary to intuitive assumptions that 378 modified walls will make plant cells more susceptible to pathogen entry, many cell wall mutants 379
show increased resistance to pathogens e.g. proposed as to why this occurs, our data supports the possibility that the collapsed vessels 384 "prime" the plants' abiotic stress response, by simulating drought stress. 385
4
Conclusions 386
In this study, we utilised a collection of xylan mutants to establish whether the plant secondary 387 cell wall has a cell wall integrity (SCWI) pathway whose members or consequences could be 388 identified via transcriptomics. Despite using mutants with mild defects (gux2) through to mutants 389 with severe defects (irx9), there was no transcriptional evidence of a SCWI pathway (Figure 2) . 390
This supports previously published biochemical data from secondary cell wall mutants, where, 391 unlike in primary wall mutants, there was no detection of the compensatory deposition of 392
polysaccharides ( Transcriptomics does not necessarily reflect the dynamics of the cell, and therefore other 394 approaches such as proteomics may be of use in the future to continue to search for the presence 395 of a SCWI. Additionally, we have only investigated a single species in this study. It may be that 396 perennial or monocotyledonous plants show altered responses to secondary cell wall changes 397 (Tan et al., 2015) . 398
The secondary cell wall is still a system about which we know little, despite advances over the 399 last decade. In particular, mechanisms of in muro polysaccharide modification and salvage are 400 poorly characterised. We also know little about how the characteristics of the different polymers 401 are combined to produce the cell wall functionality. The identification of further cell wall 402 mutants, along with the application of techniques which allow atomic resolution analysis will 403
provide new insights into the mechanics of cell wall strength. 404
We believe that this data provides encouraging support for cell wall engineering approaches, 405 especially for improved biomass properties, since there is not an intrinsic and sensitive regulatory system to overcome. We predict that as long as the plant is able to maintain form and 407 function, e.g. transpiration flow (Petersen et al., 2012; Eudes et al., 2015; Vargas et al., 2016) by 408 maintaining a functional secondary cell wall, it will be possible to manipulate the cell wall to 409 produce biomaterials to suit different agricultural and biomanufacturing needs. Further work will 410 be required to understand the contributions of interactions between individual wall components 411
to form the assembled structure, to allow the predictive design of a functional secondary cell 412
wall. 413 5
Conflict of Interest 414
The authors declare that the research was conducted in the absence of any commercial or 415
financial relationships that could be construed as a potential conflict of interest. Values are shown as log2(abundance in mutant/abundance in WT). Values have been shaded red 683
to indicate increased expression with respect to WT and blue to indicate decreased expression. 684
Values in bold represent genes significantly different from WT. Note that BZR1 and BZR2 bind 685 to the same set of oligonucleotide probes. 686 
